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Recent research into coastal ecosystems have highlighted the importance of seagrass meadows in their 
ability to efficiently capture and store carbon into the sediment, however meadows are in decline. This 
study aims to identify local organic carbon stocks in the aboveground and belowground biomass of the 
species Posidonia australis whilst comparing effects of human disturbance. Mangles Bay in Cockburn 
Sound was chosen as a degraded bay indicated by high human use, such as boating and industrial 
effluent, while Shoalwater Bay was chosen due to its location in a marine sanctuary. A total of 32 
samples across 2 bays were sampled in-meadow for meadow characteristics and core samples 
containing the whole plant and sediment. Three locations were collected for bare sediment outside the 
meadows of each bay. Samples were dried at 70°C and burnt at 400°C using loss on ignition method to 
determine carbon content. Organic carbon per hectare was found to be higher overall in Mangles Bay, 
with a substantial contribution from the carbon stored in the sediment (34.81 ±4.45 Mg Corg per ha). 
Aboveground biomass in both bays had higher overall percentage carbon than all other categories 
sampled. True detrital matter in Shoalwater Bay had significantly higher percent carbon and carbon per 
hectare (5.71 ±4.83 Mg Corg per ha) values. Percent carbon was also highest in the sediment at 2.5 m 
depth in both bays. Low flushing in Mangles Bay is thought be the primary cause of higher carbon 
content in the sediment, though it is not significantly higher (P = 0.337). Overall anthropogenic 
disturbance in each bay had little impact on current Posidonia australis meadow carbon stocks in the 
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Seagrasses are marine flowering plants (i.e. angiosperms) and are regarded as highly productive and 
valuable marine habitats (Cambridge and Hocking, 1997, van Katwijk et al. 2016). Seagrasses evolved 
into the sea approximately 70-100 million years ago, via a single lineage, which has since diversified 
into three lineages; the Hydrocharitaceae, Cymodoceaceae complex and Zosteraceae (Orth et al., 2006). 
Approximately 12 genera (Short, et al., 2007) and 60 species (Orth et al., 2006) are identified around 
the globe. Evidence suggests that there have never been more than 100 species at any one time (Duarte, 
2002). 
Seagrass meadows are valued for their ecosystem services such as: food source for turtles and dugongs, 
shelter and nursery grounds for fish and invertebrates; nutrient cycling (waste dilution and removal); 
sediment stabilisation; improved water quality and light availability; enhanced biodiversity and habitat; 
and trophic transfers to adjacent habitats in tropical and temperate regions (Heck, et al. 2003; Orth et 
al. 2006; Greiner et al. 2013). In addition, recent research has found that coastal marine vegetation may 
also be crucial in buffering rising atmospheric carbon levels because of their capacity to sequester 
carbon (Fourqurean et al. 2012).  
Rising greenhouse gas (GHG) emissions such as methane (CH4) and carbon (C) emissions is of current 
global concern (Orth et al. 2006; Fourqurean et al. 2012; Mcleod et al. 2012; Pendleton et al. 2012; 
Howard et al. 2014; Hill et al. 2015; Lovelock et al. 2017; Arias-Ortiz et al. 2018;). As a result of rising 
carbon emissions, the oceans are experiencing increasing temperatures and acidity, dilution due to 
melting polar ice, and rising sea levels (IPCC, 2007). All of which lead to further environmental and 
ecological complications including loss and poleward migration of plant and animal life, dissolving of 
calcareous shells, changes to ocean currents, changing climatic patterns, and flooding of coastal cities 
and low lying islands (Howard et al. 2014). 
The scientific community has come to a consensus that anthropogenic (human) activity such as burning 
fossil fuels (via industry and transport), and deforestation (for agriculture) is accountable for rapidly 
increasing atmospheric emissions (IPCC, 2007; Simas, et al. 2001; Pendleton et al. 2012). In September 
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2016, the 400ppm (point of no return) of atmospheric carbon threshold was passed and is not expected 
to drop below this level for the foreseeable future (Kahn, 2016).  
There is concern over rising carbon dioxide and methane emissions because of their ability to 
collectively absorb and hold a relatively large amount of heat (radiative forcing) in the atmosphere, 
leading to a range of changes in global climate  (IPCC, 2007). These changes include rising atmospheric 
and ocean temperature, rising sea levels and increasing storm activity and severity (IPCC, 2007; Arias-
Ortiz et al. 2018).  
Carbon released into the atmosphere has derived from a source elsewhere on Earth. Carbon on earth 
cycle between four acknowledged sinks 1) atmosphere 2) vegetation 3) Ocean and 4) Earth (fossil fuels) 
(Eswaran, et al. 1993; Mcleod, et al. 2011). Carbon continuously exchanges between each of these sinks 
(Eswaran, Van Den Berg and Reich, 1993). Of the vegetation sink, terrestrial forests are widely 
documented to remove carbon out of the atmosphere (Fourqurean et al., 2012). However recently, 
coastal vegetation, i.e. tidal salt marshes, mangrove forests, and seagrass meadows, have become 
recognised as having the capacity to store greater amounts of carbon than terrestrial ecosystems. They 
can also lock up carbon in Earth’s sediments for millennial timescales due to the large anaerobic nature 
of soils (Fourqurean et al., 2012). For these reasons, coastal vegetation has recently been identified as 
a separate carbon sink from the ocean and terrestrial forests.  
The idea of recognising coastal vegetation as separate sinks was realised when emissions were noticed 
from these ecosystems during land-use conversion (Pendleton et al., 2012). It is not clear from previous 
calculations of global carbon sinks whether carbon content in coastal vegetation is estimated as part of 
the ocean sink or terrestrial vegetation or if they are included at all (Mcleod, et al. 2011) due to the 
coastal nature on the fringes of both the terrestrial and marine habitats.  
Coastal ecosystems store ‘blue carbon’, which is carbon captured and stored in the ocean, marine and 
estuarine ecosystems. Blue carbon storage is significant for mitigating ocean, and atmospheric 
temperature rises (Duarte, 2002; Pendleton et al., 2012; Lovelock et al., 2017). Increasing attention has 
been given to coastal ecosystems towards fitting coastal ecosystems into the global carbon cycle (). 
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More specifically seagrass meadows have drawn increasing attention by scientists as the least studied 
coastal ecosystem, and are now a rising focus of marine research (Duarte, 2002; Heck, et al. 2003; 
Erftemeijer & Lewis, 2006; Pendleton et al., 2012; Howard et al., 2014; Lovelock et al., 2017).  
Despite occupying a much smaller global area than their terrestrial counterparts, coastal vegetation can 
store a greater amount of atmospheric carbon (Table 1 and 2) (Mcleod, et al. 2011; Pendleton et al., 
2012). The high carbon storage capacity of seagrass meadows is made possible by vertical sediment 
accretion as sea levels rise and thus the sediment does not become saturated with carbon (Mcleod, et al. 
2011). Seagrasses have a high estimated burial of 48-112 Tg C yr-1. This is greater than Boreal 
vegetation, which annually stores 49.3 Tg C yr-1. Current estimates of global carbon stocks in the top 
metre of seagrass meadow sediment range from a conservative 4.2-8.4 Pg, which is about equal to the 
Corg stored in tidal salt marshes and mangroves combined (Fourqurean et al., 2012).  
Tidal salt marshes are temperate halophytic vegetation subjected to low and frequent tidal submersion 
(Simas, et al. 2001). Salt marshes have a wide estimate of carbon burial between 5-87 Tg of C yr-1 and 
are comparable to a terrestrial temperate forest, which has been calculated to store 53 Tg C yr-1 
(Mcleod, et al. 2011). The carbon burial rate of salt marshes is affected by variability in hydro-period, 
salinity, suspended sediment supply and nutrient status (e.g. input pollution) (Mcleod, et al. 2011). In 
some cases where nitrogen is concentrated by eutrophication events, carbon fixation by tidal salt 
marshes and mangroves can be increased, as these two ecosystems are generally nitrogen limited 
(Mcleod, et al. 2011). 
Tropical mangrove forests on the intertidal flats of estuaries are well documented. Mangroves bury 
carbon into the sediment at an estimated rate of 31-34 Tg C yr-1 (Mcleod, et al. 2011), Mangroves also 
have the highest mean burial rate of 226 g C m-2 yr-1 compared to terrestrial forests and other coastal 
ecosystems (Mcleod, et al. 2011). Mangroves store a lower amount of carbon than tropical forests, 
which store 78.5 Tg C yr-1 (Mcleod, et al. 2011). Unfortunately, mangroves have lost up to 50% of their 
global range since the 1940s (see Table 3) which if these areas still existed would have double the 




Table 1. Global carbon burial of coastal vegetated ecosystems, (source: Mcleod, et al. 2011). 
Notes: To obtain values per km2, multiply by 100. 
Table 2. Global C burial of terrestrial forest ecosystems, (source: Mcleod, et al. 2011). 
Forest type Global extent 
(Mha) 
C burial rate (g C m-2 
yr-1) 
mean ±SE (range) 
Global C burial (Tg 
C yr-1 ) 
Tropical 1962.3 4.0 ± 0.5 
(1.4–7.6) 
78.5 
Temperate 1040 5.1 ± 1.0 
(0.7–13.1) 
53.0 
Boreal 1370 4.6 ± 2.1 
(0.8–11.7) 
49.3 
Ecosystem Global extent (Mha) 
Range (mean) 
C burial rate (g C m-2 
yr-1) 
mean ±SE (range) 
Global C burial (Tg C yr-1 ) 
mean ± SE 
Tidal salt 
marsh 
















Source  Pendleton et al., 2012; 
Mcleod, et al. 2011. 
Mcleod, et al. 2011. Mcleod, et al. 2011. 
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Notes: To obtain values per km2, multiply by 100 
Many seagrasses require relatively sheltered coastal (<50m) waters with low wave energy for extensive 
meadows to persist (Orth et al., 2006). Seagrasses generally undergo their entire life cycle submerged 
(except estuarine species) in a sheltered coastal, saline environment, establishing meadows mixed 
species or monospecific meadows. Seagrasses are tolerant of waters that are nutrient poor to avoid 
build-up of epiphyte growth on their leaves, which restrict sunlight necessary for photosynthesis.  
All seagrass families are derived of the subclass Alisimatidae, (Les et al. 1997) order Alismatales 
(Larkum et al. 2018) a group of early monocotyledons of predominantly aquatic plants. How exactly 
terrestrial angiosperms colonised the marine environment as seagrasses, and what evolutionary steps 
were taken preceding the Alisimatidae subclass is unclear. Whether all seagrasses evolved from entirely 
freshwater species or a mixture of freshwater and salt-tolerant species (whether aquatic or terrestrial) is 
currently unknown (Les et al. 1997). What is known is that today’s seagrasses have met the five criteria 
outlined by Les et al. (1997) to surviving in a marine habitat; 1) tolerance to submergence, 2) salt-
tolerance, 3) hydrophily, 4) capacity for vegetative anchorage and 5) effectively compete in marine 
environments (Les et al. 1997). Either way, seagrasses have developed ecological, physiological and 
morphological adaptations including internal gas transport, epidermal chloroplasts, sub-marine 
pollination, marine dispersal and a requirement of high-intensity light (of up to 25% incident radiation) 
to persist (Orth et al., 2006).  
Biodiversity and densities of fish and crustacean species are greater in seagrass meadows than in 
unvegetated areas, primarily because seagrass meadows serve as a nursery area for juvenile species 
(Orth et al., 2006).  
Western Australian waters are home to about 26 known seagrass species, (Orth et al., 2006; Dapson, 
2011) from the subtropical coast to the north and temperate waters to the south (Fig. 1). In the local 
coastal waters of south Western Australia, Posidonia australis is a common temperate species (Short et 
al., 2007). Posidonia australis forms extensive and mixed seagrass meadows alongside Posidonia 
sinuosa and Amphibolis griffithii around Point Peron. A diversity of invertebrates were observed in this 
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current study including black feather stars (Colobometra perspinosa), common blowfish (Torquigener 
pleurogramma), leopard flounder (Bothus pantherinus), seahorse (Hippocampus angustus), and smooth 
stingrays (Dasyatis brevicaudata).  
The meadows around Point Peron, were present on shallow sandy coasts, which sloped gently to depths 
of 5 m. Cambridge and Hocking (1997) observed that Posidonia growing on steep slopes 10 m to 20 m 
in depth in the Cockburn Sound basin. 
 
Figure 1. Distribution of seagrasses in relation to temperature zones (blue and red scale) and 
species richness (green scale, where dark green has the most number of species). Map inspired by 
Orth et al. (2006), Green and Short 2003, and Devault and Pascaline (2013). 
Human expansion over the recent decades has reduced coastal vegetation globally by about a third 
(Table 3) (Mcleod, et al. 2011). In both the tropics and temperate zones, seagrass meadows have 
declined by approximately 50% since the 1990s (5.1 Mg ha in the last 127 years, with a mean decline 
of 1.5% per year (Waycott et al., 2009)). Seagrass meadows are currently lost at a rate of about 7% per 
annum (Mcleod, et al. 2011). Meadow loss is equivalent to 110 km² per year since 1980 (Waycott et 
al., 2009).  In Australian coastal waters, more than 45,000 ha of seagrass has been lost in recent years 
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(Walker and McComb, 1992). Meadow decline can be attributed to reduced water quality (Lovelock et 
al., 2017), and light penetration (Walker and McComb, 1992) as a result of natural causes and human 
coastal development (Walker and McComb, 1992, Kendrick et al., 2002). Coastal development includes 
industrial and agricultural effluent and dredging. These activities enrich the waters, drive eutrophication 
events and algal blooms, and suspends sediments (Duarte, 2002; Mcleod, et al. 2011; Orth et al., 2006). 
Table 3. Global annual and percent loss of blue C sinks, (source: Mcleod, et al. 2011). 
 
Recovery and recolonisation of loss in meadow coverage from these reduced light conditions are 
considered rare primarily due to suspended sediments keeping the light intensity low (Walker and 
McComb, 1992). Even where industry effluents released into the water has been ceased, the effluents 
remained in the water, continuing to reduce sunlight in the water column (Kendrick et al. 2002). If the 
seagrass canopy has been lost, resuspension of sediments can occur more easily, and light is attenuated 
(Walker and McComb, 1992). Estimates are that seagrass recolonization will take about 80-200 years 
(Walker and McComb, 1992).  
Indirect impacts of human-induced climate are negatively influencing meadows through increased 
sedimentation by rising sea level, increasing water temperature, increasing CO2 concentration 
decreasing seawater pH, increased storm frequency (i.e. cyclones) and increased ultraviolet irradiance. 
A recent example of impacts of a changing climate on seagrass was the “marine heatwave” in Shark 
Bay, Western Australia during the summer of 2010/2011 (Pearce et al., 2011; Arias-Ortiz et al., 2018).   
Shark Bay contains an estimated 1.3% of the total global carbon stocks stored in the top metre of 
sediment Arias-Ortiz et al., 2018). Unprecedented warm surface waters (>3°C than recorded long-term 
Ecosystem Global loss (%) Annual rate of global loss 
Tidal salt marshes 25% (since 1800s) 1-2% 
Mangroves 20% (since 1980s) 30-
50% (since 1940s) 
~0.7-3% 
Seagrasses 50% (since 1990s) ~7% 
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mean monthly temperatures) associated with an unusually strong La Niña were recorded, damaging 
approximately 36% of the meadow (Arias-Ortiz et al., 2018). Thinning of the meadow allowed for the 
erosion and resuspension of highly organic sediment becoming exposed to oxic conditions and releasing 
stored carbon (Arias-Ortiz et al., 2018). It is estimated that if 50% of the C stock in the top metre of 
seagrass meadow sediment was oxidised, an estimated 2-9 Tg of CO2 could have been re-released into 
the atmosphere, reversing 8000 years of accumulation (Arias-Ortiz et al., 2018).  
Predictions of future losses were assessed for the year 2025 (Duarte, 2002). Due to the largely 
qualitative nature of the possible predictions and lack of established trends and expected changes, the 
future of seagrass meadows remains uncertain (Duarte, 2002). To complicate predictions further, it is 
understood that climate change will bring changes in CO2 concentration, temperature and sea level.  
At this time, it was largely unknown as to how seagrass species would respond to these multiple changes 
simultaneously (Duarte, 2002). Since Duarte’s (2002) assessment, research exploring seagrass response 
to heat waves have reported stress reactions including photosynthetic decline and photo-inhibition 
(Campbell, et al. 2006), shoot morality (Burgmann et al, 2010; Marba and Duarte, 2010; Jorda, et al. 
2012) and excess flowering (Diaz-Almela, et al. 2006) in water temperatures that exceed 40°C. 
One strategy that can be adopted by governments to combat this issue is a ‘zero loss’ seagrass/habitat 
policy. This policy is currently adopted by Australia and the U.S.A., and requires that any seagrass that 
is lost by direct human intervention is to be compensated by the creation, such as transplanting, of new 
seagrass meadow (Duarte, 2002). Unfortunately, this policy can only be implemented if responsibility 
for the loss can be identified, which is only currently possible in proximal cases (Duarte, 2002). Impacts 
that are diffuse such as eutrophication events are more difficult to pinpoint and assign responsibility to 
(Duarte, 2002). To tackle the eutrophication problem, most developed countries have implemented 
nutrient reduction plans, which have had little impact on the extent of coastal eutrophication in the early 
21st centuary (Duarte, 2002).  
In Australia, Cockburn Sound is the most studied site of seagrass loss. Since the commencement of 
industrial development in Cockburn Sound in 1955, an extensive reduction of the local seagrass 
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meadow was observed (Cambridge and McComb, 1984). By 1978, it was estimated the seagrass 
meadow was reduced by approximately 3300 ha due to light reduction by heavy epiphyte fouling in 
nutrient-enriched waters (Silberstein, et al. 1986). By 2017, water quality in Cockburn Sound has since 
improved, although Mangles Bay appears unhealthy blanketed under high filamentous algae (Cockburn 
Sound Management Council, 2013). In nearby Warnbro Sound shoot density is in decline in many areas, 
which includes Shoalwater Bay (Cockburn Sound Management Council, 2013; Rule, 2015).  
Estimates of seagrass habitats have been valued at $34,000 ha-1 yr-1 (Short et al., 2011) The costs of 
losing seagrass ecosystems are well documented, such as losses of ecosystem functions and services 
that we currently take for granted. Additionally, CO2 emissions have been estimated to be released (see 
Table 4) in the process of coastal vegetation loss with seagrasses estimated to lose 0.15 (Pg CO2 yr-1) 
with a mean economic value equating to $US6.1billion (Pendleton et al. 2012).  
 
Table 4. CO2 Emissions from loss of coastal vegetation by land-use change and associated 
economic impact.  
Ecosystem C emissions (Pg CO2 yr-1) Economic cost (Billion US$ yr-1) 
Tidal salt marsh 0.02–0.24 (0.06) 0.64–9.7 (2.6) 
Mangroves 0.09–0.45 (0.24) 3.6–18.5 (9.8) 
Seagrass 0.05–0.33 (0.15) 1.9–13.7 (6.1) 
Total  0.15–1.02 (0.45) 6.1–41.9 (18.5) 
Note: 1 Pg = 1 billion metric tons. Economic estimates apply a multiplier of US$ 41 per ton of CO2 to 
lower, upper, and central emission estimates (Pendleton et al. 2012).  
Studies addressing estimates of blue carbon in coastal ecosystems have mainly looked at carbon 
accumulation rates and carbon content of the aboveground living biomass (Mcleod, 2012; Pendleton et 
al. 2012; Lovelock et al. 2017). Carbon stored in the living biomass of tidal salt marshes have had the 
carbon in above- and belowground biomass calculated together (Howard et al. 2014), while carbon in 
the roots of seagrasses has been estimated together as a negligible addition to the sediment (Howard et 
al. 2014). This Honours study aims to break down the above and below ground biomass of the seagrass 
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and investigate whether there are distinctions in carbon storage within the plant and its associated 
sediment.  
The objective of this Honours study was to quantify the carbon stocks stored in local meadows of the 
common seagrass species Posidonia australis around Point Peron (Fig. 2). Stocks are compared 
between a bay degraded by high use from human activities (Mangles Bay) and a bay within a protected 
sanctuary impacted by relatively low human use (Shoalwater Bay, marine park, Class A (Department 
of Environment and Conservation, 2017)). The aim of this is to determine whether the overall 
differences in human activity, impact on those stored carbon stocks. The carbon stocks were divided 
into aboveground biomass (blades and shoots), belowground biomass (roots and rhizome) and sediment 
for individual analysis and comparison of the amount of organic carbon content. This information would 
then be used to inform how carbon is distributed within P. australis in temperate Western Australia. 
Seagrass meadow structure such as shoot density, biomass and growth rate were also examined to 
determine the meadow dynamics. The seagrass samples were collected in a winter pilot study, with a 
subsequent summer study. It is hypothesised that carbon storage in a seagrass meadow is greater in a 
protected marine sanctuary bay due to higher water quality and light availability for optimised 
photosynthesis and thus carbon sequestration, than an unprotected bay which experiences boat mooring 











2. Methods  
2.1 Study area  
The study was conducted in the south-west region of Western Australia, in two bays approximately 
38km and 41km south-west of Perth (32°S, 115°E). Perth is the capital city of Western Australia with 
a population size of approximately 2.14 million people in June 2017 (Population Australia.). Mangles 
Bay (MB) (32°16’S, 115°42’E) is located in the southern end of Cockburn Sound (Fig.2). Shoalwater 
Bay (SW) (32°17’S, 115°42’E) is located in Warnbro Sound (Fig. 2). Both of these bays are within the 
distribution of Posidonia australis, which ranges from the subtropical waters of Shark Bay, WA at its 
most northern boundary, southward and eastward into the temperate waters of South Australia, to Lake  
Figure 2. Aerial photo of the study area Mangles Bay and Shoalwater Bay off the coast of Point Peron 
on the Western Australian mainland. Image from Google Earth 2018. 
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Macquarie, New South Wales (Cambridge and Kuo. 1979). Posidonia australis only grows in shallow 
waters from just below the low water mark to about 15m in depth (Flora Base, 2018).  
The water around Point Peron has an annual mean salinity of 35.8 g l-1, an annual mean sea surface 
temperatures range of 18-22°C (BOM, 2017), and are deprived of nutrients and chlorophyll (Cambridge 
and Hocking, 1997). Tides are small, diurnal and do not exceed a maximum spring tidal range of 0.6m 
in non-storm conditions (Walker et al. 1989; Cambridge and Hocking, 1997; Eliot, Traver and Eliot, 
2006; Travers, 2014).  
Wind is the primary driver of local currents and wave action along this coastline. Strong onshore winds 
and ocean swell, force wave action as a dominant form of water movement (Cambridge and Hocking, 
1997). Wave height in Cockburn Sound is no higher than 0.15m in non-storm conditions (Travers, 
2014). Local water circulation in Cockburn Sound is predominately wind-driven, as well as by 
horizontal density gradients caused by evaporation and heating in near calm wind conditions (Steedman 
and Craig, 1983). Mean water velocities are 0.07 m s-1 in the open coastal waters and less than 0.05 m 
s-1 within Cockburn Sound (Steedman and Craig, 1983). Currents within Cockburn Sound increase in 
velocity to 0.10 and 0.25 m s- 1 in storm conditions when winds become greater than 15m s-1 (Steedman 
and Craig, 1983). Maximum tidal currents are shallow with an amplitude of around 0.01 m s-1 
(Steedman and Craig, 1983).  
The wind conditions show an alternating pattern between winter and summer, corresponding with the 
movement of the high and low-pressure cells (BOM, 2017). Summer brings a dominant southwesterly 
sea breeze on a diurnal basis, while low-pressure cells in winter disrupt the sea breeze for a northerly 
wind. Maximum summer wind strength is reached when it evolves into a northwesterly wind.  
Site 1  
Mangles Bay is a semi-enclosed bay open to the north into Cockburn Sound and closed by Garden 
Island to the open ocean in the west. Garden Island naturally protects Mangles Bay from off-shore swell 
waves and wind-driven waves. A causeway bridge joins Garden Island to the mainland and reduces 
water flow at the southern end of Cockburn Sound. This causeway comprises of a 3.3 km rock wall and 
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a 917 m opening under two trestle bridges in which there is limited water exchange and provides 
additional non-natural protection from ocean swell and wind-driven waves (Cockburn Sound 
Management Council, 2003). The low energy nature of Mangles Bay only receives fetch-driven waves 
from northerly winds in the winter that Garden Island does not entirely block, breaking the extended 
calm of the summer months (Cockburn Sound Management Council, 2003; JFA Consultants, 2011).    
Mangles Bay is one of two locations that remain in Cockburn Sound and continue to have extensive 
seagrass meadows in their shallow waters. The seagrass meadows here covers an area of approximately 
100 ha, with 97.5 ha of intact meadow (Google Earth, 2018), and about 2.51 ha or 1.9% of meadow that 
is scarred by boat moorings (Walker et al. 1989; Google Earth, 2018). High levels of chlorophyll-a 
(median of 1.1µg/L) and low light attenuation remains prevalent in the bay (Cockburn Sound 
Management Council, 2016a). This site was chosen as a study location due to current boating activity, 
historical industrialisation, and port development in Cockburn Sound (Cambridge and Hocking, 1997). 
Plans for a marina development in Mangles Bay have been proposed prior to this study (JFA 
consultants, 2011) therefore, this study regards Mangles Bay as a disturbed site by high human use.  
Site 2   
Shoalwater Bay is open and exposed to on-shore winds and swell waves. Some protection is provided 
from the Shoalwater Islands and a submerged reef that forms a barrier to the full energy of the open 
ocean. Shoalwater Bay was chosen because of its relatively pristine conditions which starkly contrast 
with Mangles Bay. This bay is less impacted by recent human activity (Cambridge and Hocking, 1997) 
and is protected as the A class Shoalwater Islands Marine Park (Department of Environment and 
Conservation, 2017). This reserve excludes human activities such as boat mooring and commercial 
fishing. Serving as a suitable contrast to Mangles Bay. Its seagrass meadow currently covers a collective 






2.2 Coastal Morphology 
Mangles Bay is an elongate depression in between the Garden Island Ridge to the west and the Swan 
Coastal Plain to the East. The bay is sheltered by the Garden Island Causeway on its western edge, and 
as a result, the embayment is fetch-limited (fetch from the north, north-west) and has low energy waters. 
Less than 5% of swell energy from the open ocean makes it into the Sound (JFA Consultants, 2011). 
The waves that are generated are oblique and carry fine grain sediment southbound along the eastern 
shore to Mangles Bay. Mangles Bay reaches a depth of 10m (Cambridge and Hocking, 1997). 
Shoalwater Bay on the northern reaches of Warnbro sound has established mixed meadows dominated 
by Posidonia sinuosa, which also include P. australis and Amphibolis antarctica. The meadows are 
mostly untouched by anthropogenic impacts. The meadows grow on the sandy flats and gentle slopes 
which reach a 5 m depth (Cambridge and Hocking, 1997). The southern edge of the bay is protected 
from wave energy due to a sandbar that joins Penguin Island to the mainland. A small string of islands 
also occurs along the western edge of the bay.  
2.3 Study Design  
The object of this study was to quantify carbon stocks within Posidonia australis meadows spanning a 
gradient of human disturbance. Sampling took place during a pilot study in winter; from mid-June until 
the spring equinox when the days are lengths are shortest and seagrass growth is minimised. The 
primary study occurred in November, within the summer solstice, where the days are longer and 
seagrass growth increases again. The pilot study was used to determine the appropriate sampling 
methods for carbon data in the above and belowground biomass, marking leaves for growth rates, pre-
counting shoot density and collecting initial carbon data in the sediment. A total number of 17 points 
were sampled in Mangles Bay, 14 were in-meadow samples, and 3 were outside the meadow in bare 
sediment. In Shoalwater Bay, 15 samples were collected, 12 were in meadow and three also outside the 
meadow in bare sediment. The unevenness in sample collection was due to areas in Shoalwater Bay 




2.4 Data collection  
The following methods were used to fully quantify the total carbon stocks in the aboveground (shoots, 
leaves), belowground biomass (roots and rhizome) and directly associated sediment below the plant in 
P. australis meadows in each bay, as well as detrital material within the meadow, and bare sediment 
outside the meadow.  
To account for spatial variation across the meadow, we sampled each meadow across four and five 
depth dependant transects approximately 200m apart, spanning a depth gradient from shore to 4m depth 
(N=32 samples overall) (Fig. 3). An adjacent area of bare sediment containing no seagrass was sampled 
less extensively (N=3) and randomly for carbon content outside the meadows. The sample points within 
each transect were selected based on the depth intervals previously used by Cambridge and Hocking 
(1997), 0.5 m, 2.5 m, 3.5 m and 4 m.  
Meadow dynamics were determined by shoot density and growth rate. To assess shoot density shoots 
of P. australis were counted in a 50 cm x 50 cm quadrat (25cm2) at all sample points. The growth rate 
was measured using a hole punching method upon the leaf blades as described by Kirkman (1995), and 
Cambridge and Hocking (1997). Holes were punched at the base of the leaf in winter to create a scar. 
In summer, new growth was measured by measuring from the hole down to the top of the leaf sheath 
new growth in cm (Fig. 4 (C)). Measurements to the leaf tip were not taken because hole punching can 
weaken the connection of the connecting leaf tissue and be broken off during storms. 
Two shoots twice were measured at each depth, for a total of N=8 for each bay and N=16 in total for 
the study. Each punched plant was marked by a star picket immediately next to the chosen shoot, a 
staple with a plastic ear tag over the shoot and flagging tape to facilitate relocation of the samples.  
At each of the in-meadow sampling points, a whole Posidonia shoot including all of the aboveground, 
belowground biomass and sediment, were sampled to capture each of the carbon pool components. 
Each plant and sediment sample was collected by a coring approach following the methods used by 




 Figure 3. Samples arranged in five transects (letters) wide and four selected depths (given the depth of 
the bay provided) to cover the range of conditions in the bays. A= Mangles Bay, B=Shoalwater Bay 
Note: There are two mistakes on map B. Point 0.5A was not sampled due to jetty maintenance. Points 





where due to shallowness in SW.  Number next to pin drop indicates the depth, and letter indicates the 
transect line from A-E. The yellow line outlines the study area parameters. Pin drop named ‘bare’ 
indicates the bare sand sites, where 3 random samples were collected.  
entire shoot of P. australis from blades, shoots, root, rhizomes, and its associated sediment to a depth 
of 20 cm. This corer as selected over PVC hand corers tested in the pilot study due to the ability to cut 
through the rhizome (Fig. 4 (D)). Due to the heavy weight of the metal corer, PVC corers were used to 
collect the bare sediment outside of the meadows out of ease. 
These PVC corers (Fig. 4 (B)) had a diameter of 55 mm and also sampled to a depth of 20 cm. Detritus 
material was collected at least twice at each depth haphazardly (n=6 for MB, n=9 for SW), hand-
collected within a 50x50 cm quadrat. The sample material was collected and emptied into a calico bag 
(Fig. 4 (A)). The sample was then labelled using a sample identification code of bay initials and depth, 
and stored in an esky to keep cool. Samples underwent processing immediately upon returning from 
the field.   
The depth for each sampling point was determined using a depth sounder on board the vessel.  Each 




Figure 4. Photographs of field sampling and equipment.  A) Posidonia australis shoot and a sediment 
core sample. B) PVC sediment hand-corer. C)  Set up for growth rates in Posidonia australis meadow 
smothered by high filamentous algal growth in MB. D) Metal sediment corer with serrated teeth, used 
for taking in-meadow core samples. 
2.5 Sample processing and statistical analysis  
i. Sample processing in the laboratory 
To determine the weight (g) and carbon (%) of each component, core samples were separated out into 
blades and shoots (above ground), roots and rhizomes (below ground, sediment, and detritus. The 
separated components were dried in an oven at 70° C for 24 h to determine dry weight of each 





the sediment was homogenised, rocks and a glass piece larger than a 50c AUD coin were removed and 
organic detritus was sifted out. All sub-samples were weighed before placed in a furnace at 400° C. 
To determine how much organic carbon was contained in each constituent, a loss on ignition method 
(Schumacher, 2002) was used to burn away the organic components. The weight of the ashes that 
remain after burning are subtracted from the total weight of the unburnt sub-sample and the difference 
is the organic carbon content. However unlike Shumacher’s methods of burning for 22 hours 
(overnight), burning sub-samples in of each component in small 15 mm ceramic bowls, were burnt fully 
after 4 hours. This process was chosen in favour of burning only the organic matter to ash and leaving 
the inorganic matter to determine organic carbon content only. 
ii. Statistical Analysis and calculations 
A number of calculations were used to derive carbon mass per component: percent carbon, growth rate, 
density, shoot biomass, and to scale up the density counts to an entire bay. 
The equation used to derive organic carbon (Corg) (g) was: 
Corg (g) = Dry weight (g) – ash weight (g) 
Percent organic carbon (%Corg) was calculated using: 
%Corg = 
Corg (g)
Dry weight (g) 
 × 100 
The seagrass growth rate was calculated by dividing the new length of new growth by the number of 
days between marking the leaf and measuring new growth.  
Growth rate =  
𝑙𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)𝑛𝑒𝑤 𝑔𝑟𝑜𝑤𝑡ℎ
𝑛𝑜. 𝑑𝑎𝑦𝑠 𝑠𝑖𝑛𝑐𝑒 𝑚𝑎𝑟𝑘𝑒𝑑
 
Shoot biomass was determined by multiplying the mean shoot density by the mean shoot biomass.  
Shoot biomass = mean shoot density × mean shoot biomass 
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The total estimated organic carbon in each bay was calculated using biomass in grams per m2, multiplied 
by the area of the bay in m2 (97.5 ha for MB and 70ha for SW), multiplied by the mean %Corg in the 
aboveground biomass, using the following equation.   
Shoot biomass (g m2) × area of the bay × %Corg (abv)  
Carbon in mega grams per hectare was calculated by the following three equations based on a shoot 
density in a 0.25m2 quadrat.  
1. Mean shoot mass = Shoot density × mean mass 
2. Mean C in shoots =  shoot mass × %C 
3. Mg C per ha = Mean C in shoots × 4 
Welch’s t-test was used to determine the differences in shoot density, growth rate, biomass, grams of 
Corg, percent Corg, carbon per hectare and carbon per depth between Mangles Bay and Shoalwater Bay. 
Welch’s t-test was used due to the unequal samples collected from each site. A significant difference 












3. Results  
3.1 Meadow Characteristics 
3.1.1 Shoot density, biomass and growth 
Shoalwater Bay average shoot density in was higher than that of Mangles Bay, with 276 m² ± 62.5 
(n=7) and 190 m2 ± 31.8 (n=8) respectively (Table 5), but were not significantly different (t = -1.13, p 
= 0.28,). Shoot biomass followed a similar trend with higher biomass in Shoalwater Bay (1070.4 ± 11.6 
g m-2) than in Mangles Bay (1030.3 ±6.7 g m-2) (Table 5), again with no significant difference (t = 1.51, 
p = 0.14). Growth rates of P. australis averaged 0.49mm day-1 (MB ± 0.01, SW ± 0.006) in both bays 
(Table 5).  
Table 5 Observations of standing crop and productivity of Posidonia australis meadow characteristics 
at the two study sites in the summer. All measurements are means, and weight measurements are in dry 
weight. 




Shoot density (No. m2) 190 (±31.8) 276 (±62.5) 
Shoot Biomass (g m-2 ) 1030.3 (±6.74) 1070.42 (±11.59) 










3.2 Organic Carbon Content 
3.2.1 Organic Carbon Distribution 
 The distribution of organic carbon (Corg) by percentage of dry weight in Posidonia australis (Fig. 5) 
was concentrated in the leaves and shoots, closely followed by the roots and rhizomes. Sediment 
contained the lowest percentage of organic carbon at ~2% (Fig. 5). These values were similar to the 
values found in the winter pilot study (Appendix 1), except a higher percent Corg in the belowground 
biomass (which was found to be as high as 80% Corg) than the aboveground. Aboveground percent Corg 
values were as low as 61% Corg in the winter.  
 
Figure 5. Mean percentage carbon and megagrams carbon per ha of Corg from both bays in Posidonia 
australis in the summer. Note: values on the left hand side for percentage carbon are the means derived 
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3.2.2 Percent Organic Carbon 
The percent carbon content of P. australis in Mangles Bay and Shoalwater Bay are similar in the living 
aboveground biomass (Fig.6) (MB: 68%, n= 9; SW: 65%, n= 8), and belowground biomass (MB: 
61.6%, n= 9; SW: 61.5%, n= 8, Figure 5). Aboveground biomass contained slightly higher average 
values than the belowground biomass, but are not statistically different. Detrital matter is significantly 
lower than living biomass in Mangles Bay (t = 3.36, p = 0.01). Detrital matter in Shoalwater Bay 
contained 20% higher %Corg than Mangles Bay (SW: 57.2%, n= 4; MB: 37.7%, n= 6, figure 6A).  
The sediment within the meadow of Mangles Bay had higher Corg (2.5%, n = 10) than Shoalwater (1.8%, 
n= 12, Figure 6B). The bare sediment content were also similar to each other (MB: 1.5%, n= 3; SW: 
1.4%, n= 3). The winter pilot study (Appendix 2) saw greater carbon presence (%Corg) in the roots and 
rhizomes at both bays (MB: 80%, SW: 77%) whereas all other components of the plant had no 
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Figure 6. Mean percent organic carbon (±SE) of A) living and dead plant biomass and B) the sediment. 
Welch’s t-test revealed differences in the mean %Corg of detritus (t= -2.74, df = 6, p = 0.034) and in 
meadow sediment (t = 2.89, df = 18, p = 0.009) between the two bays (Table 6). There were no other 
significant differences in %Corg between the bays.  
Table 6. Results of Welch’s t-test of unequal variances for percent Corg. 
 Above ground Below 
ground 
Detritus Sediment (In 
meadow) 
Bare sediment 
 MB   SW MB   SW MB   SW MB   SW MB   SW 
Mean 0.68   0.65 0.62   0.59 0.42   0.57 0.03   0.02 0.02   0.01 
Variance 0.01   0.01 0.01   0.02 0.01   0.01 0.00   0.00 0.00   0.00 
df 12.0 14.0 6.0 18.0 2.0 
t Stat 0.66 0.42 -2.74 2.89 1.21 
P(T<=t) 
two-tail 






3.2.3 Carbon stock per hectare 
Much like percent organic carbon, organic carbon stock per hectare in the aboveground and 
belowground biomass were similar between both bays (Fig. 7; Table 7). As anticipated, the living 
biomass (above and belowground) had greater carbon stocks than the non-living (detrital and sediment) 
components.  Shoalwater Bay had a higher volume of detrital matter (often accumulated in the many 
depressions within the bay) and was estimated to contribute an average of 5.71 Mg Corg ha-1 (Table 7).  
The sediments within the meadows(s) and bare sediment in Mangles Bay contained relatively similar 
stock organic carbon (Table 7). Shoalwater bay had significantly lower Corg (t = 3.22, df = 16, p = 0.005) 
in both of its in-meadow and bare sediments in Mg C ha-1 than Mangles Bay, though were statistically 
similar within the bay.  
Significant differences were found carbon stocks within the meadow sediment between the two bays (, 
t-stat = 3.22, df = 16, p = 0.005), and between the sediment in-meadow and bare sediment (t-stat = 3.10, 
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Figure 7. Distribution of organic carbon stock in Posidonia australis in Mg C ha-1 within Mangles and 




Table 7. Quantity of organic carbon in and Mg C ha-1 estimated for the aboveground and 










 Mg C ha-1 (±SE) 
Detritus 
 




Mg C ha-1 
(±SE) 
Bare Sediment  
 
Mg C ha-1 
(±SE) 
 Mangles Bay 6.81 (±1.26) 10.70 (±2.67) 1.01 (±0.41) 34.81 (±4.45) 37.10 (±8.70) 
Shoalwater Bay 5.62 (±1.34) 7.79 (±2.28) 5.71 (±4.83) 17.43 (±3.05) 29.85 (±1.31) 
 
3.2.4 Influence of depth on carbon stock 
Mangles Bay had significantly higher mean values of percent Corg than Shoalwater Bay (t = , df = , p = 
0.048; Figure 8). In Mangles Bay the carbon stock ranged across the depths from 2% - 3.8%, with the 
highest value detected at the 2.5 m depth. Shoalwater Bay had a lower range of carbon stock, ranging 
between 0.89% - 2.2%. The highest value for Shoalwater Bay was also in the 2.5 m depth. The winter 
pilot study (Appendix A) had similar carbon stocks for the 0.5 m and 2.5 m depths, and higher means 
for the 3.5m and 4m depths by 1-2%.  A trend of %Corg by depth indicates maximum accumulation at 
the 2.5 m depth, with a decrease in carbon occurring with depth and a reduction in carbon as meadow 







































Figure 8.  Percentage sedimentary organic carbon by depth in Mangles Bay and Shoalwater Bay. Bars 
are standard error. 
3.2.5 Total organic carbon  
The sum of above, belowground, detrital, and sediment (in-meadow) carbon components yielded the 
total meadow Corg in Mg C ha-1 to a depth of 20 cm (Fig. 9). Mangles Bay achieved a total of 53.3 Mg 
(±9.01) of Corg ha-1, and 36.55 (±11.49) Mg C ha-1 from Shoalwater Bay. The sediment associated with 
the seagrass meadows contained the most amount of Corg and was greater than the sum of the living 
biomass combined (Fig. 9). Living biomass values were similar both above and below ground, while 
detritus contributed the least (Fig. 9). When including sediment outside the meadow to create a total 
bay measurement of carbon, the total carbon rose to 90.4 Mg Corg ha-1 in Mangles Bay and 66.4 Mg of 
Corg per ha-1 in Shoalwater Bay. Overall while the carbon is higher in Mangles Bay than Shoalwater 
Bay, it is not a significant difference (t = , df = , p = 0.337).  
When extrapolating the carbon to 1m depth (as standardised within the literature; Fourqurean et al. 
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Figure 9. Total average Corg in Mg C ha in Posidonia australis in both Mangles and Shoalwater Bays, 
to a depth of 20 cm. Bars are standard error.  
4. Discussion  
This Honours study aimed to quantify the carbon stocks stored in local meadows of the common 
seagrass species Posidonia australis around Point Peron and to determine whether the overall 
differences in human activity, impact on those stored carbon stocks. The results collected suggest there 
is little to no statistical difference between any parameters compared among the different sections of 
the seagrass and its sediment, therefore rejecting the hypothesis. The rest of the discussion will go into 
further detail.  
4.1 Meadow Dynamics 
4.1.1 Shoot density  
Shoot density in this study is lower than expected for November, compared to one historical study 
conducted in the late summer (Marbà and Walker, 1999) and a recent study conducted in winter at a 
nearby location (Dapson, 2011). Marbà and Walker (1999) reported an average P. australis shoot 
density in Shoalwater Bay in the late summer (February) and early autumn (March) seasons as 605 
29 
 
(±31) shoot m2. Dapson (2011) reported winter shoot densities of transplanted P. australis seagrass 
cuttings planted five years prior in the southeastern section of the Southern Flats in Cockburn Sound, 
at over 500 shoots per m2. Nearby natural meadows in the Southern Flats had a reported mean of 616.5 
±13 shoots per m2. Both of these studies indicate shoot densities that are two thirds higher than found 
in this current study. Recent reports (Cockburn Management Council, 2015) indicate that P. sinuosa 
shoot densities in Cockburn Sound and areas of Warnbro Sound are in decline.   
In eastern Australian waters, mean Posidonia shoot density is generally lower than those measured in 
Western Australia. In NSW Posidonia shoot density averages 80 shoots per m2 whereas it can reach 
reported averages of 240 shoots per m2 in the Spencer Gulf, SA (West and Larkum, 1979). The low 
shoot densities reported in these studies are attributed to changing conditions of the bay due to urban 
development and potentially associated increased water turbidity from construction sand blowing into 
the coastal waters.  
Historic seagrass declines in Cockburn Sound and Warnbro Sound have been attributed to sediment 
erosion and ‘blow-outs’ (Cockburn Management council, 2016b). Recent seagrass declines are 
attributed to potentially toxic sediment sulfides in the seagrass tissue (Cockburn Management council, 
2016b). Sulfide intrusion can prevent seagrass recolonisation and drive seagrass declines (Fraser and 
Kendrick, 2017). More recently, heavy metal cadmium (Cd), has been identified as having a strong 
negative correlation with shoot density, leaf biomass, and root and rhizome biomasses (Fraser and 
Kendrick, 2017). It also appears to interfere with the gene expression related to sulphate assimilation, 
thereby increasing sulfide uptake in the roots causing issues as mentioned above (Fraser and Kendrick, 
2017). Cadmium concentrations in the sediment were also significantly higher in Warnbro Sound 
compared to Cockburn Sound, despite containing less cadmium in the sediment and higher shoot 
density (Fraser and Kendrick, 2017). Historically, heavy metals were released into Cockburn Sound 
from the local industrial activity (Cambridge et al., 1986). Heavy metals remain a concern due to their 
limited mobility in the marine environment, resulting in concentration in the immediate area of release, 
and negative impacts on seagrass (Fraser and Kendrick, 2017). It is noted, that Cadmium has migrated 
at least as far as Warnbro Sound (Fraser and Kendrick, 2017). The mobility of cadmium from Mangles 
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Bay to Shoalwater Bay provide a plausible explanation as to why both bays both have reduced shoot 
densities relative to previous studies. This might also provide an explanation as to why parts of the 
seagrass meadows in Shoalwater Bay has disappeared entirely without any direct human disturbance.   
4.1.2 Shoot Biomass  
Shoot biomass in this study were moderate (1030.3 (±6.74); 1070.42 (±11.59)) compared to Posidonia 
meadows in east Australian waters (847-2550 g m-², West and Larkum, 1979). This study measured 
shoot biomass at approximately half the shoot biomass found in Jervis Bay, NSW (West and Larkum, 
1979) and in the Spencer Gulf, South Australia (West and Larkum, 1979).  
Not all bays in NSW have such flourishing Posidonia meadows; meadow biomass appears to be more 
sensitive to urban development than where they are growing in relation to the geographical range (West 
and Larkum, 1979). The lowest shoot biomass values (847 g m²) in NSW were strongly attributed to 
urban development along the foreshore (West and Larkum, 1979).  
Marginally higher shoot densities, than found in this current study were Posidonia spp meadows at 
Bonna Point (1193 g m²), NSW (West and Larkum, 1979). The Bonna Point seagrass meadows have 
significantly reduced leaf biomass caused by storm damage which has since appeared to have stunted 
leaf growth and compensates by having a greater shoot density (West and Larkum, 1979). Though the 
meadows in this current study have not been recorded to be impacted by storm damage, effluents from 
industrial development and activity has contributed to losses of the eastern meadow in Cockburn Sound 
and can be accounted for reductions in biomass (Moulton, 2017). 
4.1.3 Growth rate 
Seagrass blade growth rate is very low and starkly contrasts to the linear growth rates in Cockburn 
Sound reported by Silberstein et al., (1986) (see table 8). However, differences in the methods between 
the two studies exist. For example, Silberstein, et al., (1986) measured growth every four days, as 
opposed to in this study in where growth was measured in 164 and 168 days between June and 
November, in which time leaf production rate can vary between winter and summer (Kirkman and Reid, 
1979) or have stopped altogether due to the age of the leaf.  
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Table 8. Comparison of growth rate (mm/day-1) between this honours study (2017) and Silberstein 
et al. study (1986), in Cockburn Sound. Waters were free of hydrocarbons.    
  Summer Winter 
Mangles Bay  0.048 (±0.01) - 
Shoalwater Bay  0.049 (±0.006) - 
Silberstein et al.  28.3± 2.3 25.0±1 
 
Measuring growth rates over a shorter time interval is much more advantageous and reliable than 
measuring growth over extended time periods such as in this honours study. Extended measuring 
periods can be challenging as uncertainties in identifying the punched hole after such time frames occur. 
For example some leaves in this study had lost the section of the leaf above the hole punched, due to 
the reduced structural integrity of the leaf blade.  
Silberstein, et al., (1986) observed reduced growth rates when hydrocarbon level was increased to 2 
ppm (growth rate 16.8 ±2.8 mm per day-1). Although they concluded Posidonia was not sensitive to oil 
effluent in the short term, it was detrimental to local meadows after seven years, and that the 
combination of oil effluent, heavy metals, hydrocarbons and acids collectively from various industrial 
sources may have a more detrimental impact (Silberstein et al., 1986). 
The blade growth rates in this current study was measured in length (mm) per day as opposed to weight 
(g) as conducted in previous studies (West and Larkum, 1979; Cambridge and Hocking, 1997). By 
using the mean dry weight of the shoots and dividing by an average of 166 days, growth in grams could 
be estimated. Growth becomes an average of 39 ±1.34 mg day-1 (2587.25 ±10.72 g m-2 y-1) for Mangles 
Bay and 20 ±1.04 mg day-1 (2129.36 ±16.23 g m-2 y-1) for Shoalwater Bay. The growth rates in 
milligrams per day are 7-55 times greater than leaf production rates values from eastern Australian 
waters, which range from 0.7 to 5.5 g dry wt. m−2 day−1 depending on site and season (West and Larkum, 
1979). These are also 10-20 times greater than average relative leaf growth of P. australis at 2.3 mg C 
g dry wt.-1 day-1 during the summer and 1 g dry wt. m-2 day in winter in Port Hacking, NSW, (Kirkman 
32 
 
and Reid, 1979)  The same rate was found in Shoalwater Bay in previous studies (Cambridge and 
Hocking, 1997). One explanation for these differences could be the water quality and light penetration 
as a result of coastal development and industrialisation in Cockburn Sound that may have had a lower 
than expected impact on leaf growth in Mangles Bay and Shoalwater Bay. Subsequently it could be 
postulated that urban development has had more impact upon leaf growth in certain eastern Australian 
meadows. Blade growth needs to be remeasured in both Mangles Bay and Shoalwater Bay to match 
methods previously used. 
Cambridge and Hocking (1997) recorded annual leaf production in P. australis at 900-1100 g dw m-2 
yr-1 in Shoalwater Bay, which is approximately half of the rate estimated in the present study. The 
differences could be that the water quality was lower due to industrialisation that occurred in the study 
are prior to 1997. With effluent inputs being greatly reduced since, providing an opportunity for 
meadows to recover and increase their growth rates. The Cockburn Sound Annual Environmental 
Monitoring Report (2016) suggests that water quality is adequate, with all the parameters having been 
met at most monitoring sites. These parameters included dissolved oxygen, pH, top and bottom salinity, 
temperature and low (< 0.01) heavy metal concentrations (Cockburn Sound Annual Environmental 
Monitoring Report, 2016).  
4.2 Organic Carbon Content 
4.2.1 Organic Carbon distribution  
Rhizomes are commonly known to store carbon in carbohydrate form and are reserves for growth and 
maintenance when the plant’s ability to photosynthesise is reduced (Pirc, 1989; Touchette and 
Burkholder. 2000; et al. 2001; Mateo et al. 2006). Posidonia australis contains high amounts of starch 
(Pirc, 1989).  The results of this current study in conjunction with the winter pilot study suggested that 
carbon content of the roots and rhizomes were higher in winter than in summer and vice versa in the 
aboveground biomass. Without more seasonal data it is not possible to conclude that there is a seasonal 
trend from two temporal snapshots that occurred in this current study.  
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When estimating the soil carbon pool in seagrass meadows, roots and rhizomes are generally combined 
with the sediment because they only constitute 0.3% of the total organic carbon matter found 
belowground (Howard et al. 2014). However, it must be understood that the rhizomes hold a significant 
concentration of organic carbon compared with the soil itself and need to be distinguished from soil 
carbon.  
4.2.2 Percent organic carbon  
A high proportion carbon in detrital matter has been observed in Shoalwater Bay and thought to be a 
result of slow decomposition (Harrison and Chan, 1980; Cambridge and Hocking, 1997). Posidonia 
leaves take over 200 days to decompose (Cambridge and Hocking, 1997) and, as shown in Zostera 
marina this is due to the time it takes for the leaf’s natural defences to shut down (Harrison and Chan, 
1980). It takes Z. marina leaf fragment 35 days to lose their anti-bacterial activity and 90 days to lose 
its anti-algal activity. While alive, these chemical components inhibited the growth of algal and bacterial 
cells on the Z. marina blades (Harrison and Chan, 1980).  
Bare sediments in both bays, contained carbon comparable to in-meadow sediments. Aerial photographs 
of Shoalwater Bay reveal where there is currently bare sediment in between seagrass meadows; the 
meadows were previously connected in 2002 (Google Earth Pro, 2018). By 2004, the meadows had 
become divided. The organic carbon stored in the bare sediment has remained despite the meadow’s 
disappearance, as measured in this study. This may provide evidence against the idea that carbon in the 
top one metre of sediment is lost when the meadow above it has disappeared unless seagrass meadow 
loss is followed by storm conditions that suspend the sediment.    
This is not the case in Mangles Bay, however. The meadow in Mangles Bay has remained relatively 
unchanged over the previous decade: no meadow has been present during this time on the site where 
we sampled bare sediment. Cambridge and McComb (1984) calculated seagrass loss for the entirety of 
Cockburn Sound, which may have included the northeast portion of Mangles Bay Posidonia meadow. 
If so, this could account for the high organic matter in this bare sediment site. If this is the case, it 
appears that there has been a lack of sediment resuspension due to the enclosed nature of the bay 
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naturally by Garden Island and artificially by the causeway, reducing water energy, and the carbon has 
remained stored in the sediment without the protection of a meadow.   
In regards to the sediment (meadow and bare), the mean organic carbon in Mangles Bay was similar (at 
2.54%) to the global mean of 2.5% (Fourquean et al. 2012). However, the %Corg in Shoalwater Bay 
sediments are less (1.55%) than the global estimates. Low carbon values in the sediment are common 
on a global scale, with few extremes (Fourquean et al. 2012). Core sediment data has been taken 
predominately from seagrass meadows on the eastern coasts of North America, West Europe and 
Australia (Fourquean et al. 2012). Within the global literature, deeper 1m cores are limited to three 
geographic regions: Florida Bay, USA; the Spanish coast of the West Mediterranean; and Shark Bay, 
Western Australia (Fourquean et al. 2012). More samples from South America and Africa are needed 
to complete an accurate estimate of global carbon stocks contained in seagrass meadows (Fourquean et 
al. 2012).  
No difference in the proportion of organic carbon in the aboveground biomass has been observed 
between Mangles Bay and Shoalwater Bay. This is likely due to the similar growth characteristics. 
Instead, the proportion of organic carbon in the present study was lower compared to Posidonia 
australis in eastern Australian waters. Where Bonna Bay, Quibray Bay and Jervis Bay together had a 
range of 71-80% (West and Larkum, 1979). Variations in the proportion of carbon between locations 
in any given season are unknown. It has been suggested by West and Larkum (1979) that the conditions 
of a bay, i.e. irradiance and water quality, may impact on photosynthetic rates and in turn impact on the 
carbon contained within the plant.  
None-the-less, organic carbon values were higher in Mangles Bay than in Shoalwater Bay in this study. 
I postulate that this may be due to the contribution of epiphyte biomass not removed from the leaves 
after drying. Epiphyte biomass in Mangles Bay was visually observed as being relatively high (Moulton, 
personal observations, 2017). 
The existing study supplemented by the winter pilot study, demonstrates higher %Corg in the 
belowground biomass in the winter season than in the summer. This seasonal trend follows biomass 
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and leaf growth cycles in which the highest biomass and growth rates are seen in summer (Cambridge 
and Hocking, 1997). The relationship between biomass growth and the seasons in seagrasses has been 
observed previously (West and Larkum, 1979). Typically, there is an increase in the summer in P. 
australis (West and Larkum, 1979). Carbohydrate reserves in P. oceanica in the Mediterranean found 
the same seasonal trend in sucrose and starch content (non-structural carbohydrate) (Alcoverro et al., 
2001). Carbohydrates are found in significant proportions by dry weight in the rhizomes at 16.4%.  
4.2.3 Carbon per hectare 
The results presented in this study, indicate that detritus has a high carbon content in Shoalwater Bay 
and that is attributable to high leaf turnover and bay bathymetry (i.e. retention of detritus in the bay). 
Depressions in the sediment up to 1m in depth occur in Shoalwater Bay and act as sinks that accumulate 
detritus into thick deposits. This type of accumulation is not present in Mangles Bay (with possible 
exception at the causeway). The depressions reduce the water movement that is necessary to export 
detritus onto the beach or deeper into the ocean. This flow seems to occur in Mangles Bay and hence 
would result in a reduction of carbon stocks in Mangles Bay compared to Shoalwater Bay. In this study, 
carbon stocks within detritus was equivalent to carbon per hectare of the living aboveground biomass 
in both bays suggesting that shed seagrass leaves occurs at a rate similar to new leaf growth.  
Posidonia australis leaf turnover rates in Shoalwater Bay is relatively high (1.5% - 1.9% per day) 
compared to other species. This process takes 57-70 days for complete replacement of the canopy 
(Cambridge and Hocking, 1997). Annual leaf production in P. australis ranges from 900-1100 g m-2 yr-
1, which is a moderate rate to maintain a steady standing crop all year round (Cambridge and Hocking, 
1997). The meadow in shallow 0.5m water depth has the highest turnover rate of leaf biomass. Here, 
sunlight passes through a minimum amount of water and causes the canopy burn in low water levels on 
hot days (Cambridge and Hocking, 1997).  
The in meadow sediment carbon stock results are comparable to results found in natural and restored 
Thalassia testudinum and Halodule wrightii meadows in the Gulf of Mexico (Thorhaug et al. 2017). 
Meadow and the bare sediment of Mangles Bay both reflect the higher restored meadow mean carbon 
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levels (38.7 ± 13.1 Mg Corg ha-1) (Thorhaug et al. 2017). Thorhaug et al. (2017) proposed that seagrass 
beds lost from sewage effluents recovered with higher carbon stocks after restoration due to the high 
nitrogen and phosphate content remaining in the sediments. These nutrients then act as fertilisers to 
increase seagrass production (Thorhaug et al. 2017). The sediments in Shoalwater Bay reflected mean 
natural meadows that had not experienced any form of meadow die-off by recent human activities (25.7 
± 6.7 Mg Corg ha-1).  In relation to the individual species, Thalassia testudinum (stores a mean of 40 Mg 
Corg ha-1) and Halodule wrightii (stores an average of 15 Mg Corg ha-1) (Thorhaug et al. 2017), Posidonia 
australis storage is in between the two other species (26 Mg Corg ha-1). Variability of stored carbon is 
mostly related to the age of the meadow, and any disturbance upon the meadow. Carbon sedimentation 
increases with the age of the seagrass meadow, due to increased shoot density (Greiner et al., 2013).   
In comparison to the global data set compiled by Fourqurean et al. (2012), carbon stocks per hectare 
presented in this study (Table 7) are mostly within the global ranges. Carbon in aboveground biomass 
in Mangles Bay (6.8 ±1.26 Mg Corg ha-1) was higher than the worldwide range of 0.001-5.55 Mg Corg ha-
1 (mean = 0.75 ± 0.128), whereas Shoalwater was similar to the more upper end of the range (5.6 ±1.34). 
High concentration of carbon in the aboveground biomass per hectare would be a result of carbon 
content increasing with biomass. Biomass and shoot density aforementioned had values in the middle 
of the range in comparison to other meadows in eastern Australian waters. My supposition is that this 
difference is due to a moderate reduction in water quality and the continued impact of heavy metals. 
Though the impacts of heavy metals alone do not explain why the carbon in the aboveground biomass 
in Mangles Bay was higher than the global range.  
Posidonia australis appears to be able to survive short-term decreases in water quality when the full-
spectrum of light is present at high irradiances (Strydom et al., 2017). To do this, Posidonia can 
accumulate enough photons across the entire visible spectrum to maintain short-term growth. The 
ability to collect light from a broad spectrum may explain why Posidonia meadows in Mangles Bay 
can remain at healthy biomass and density levels despite the high abundance of algal epiphytes.  
Values for belowground biomass (10.7 ±2.67 and 7.79 ±2.28) were also within the global range of 0.001-
17.8 Mg Corg ha-1 (Fourqurean, 2012). The sediments both in-meadow and bare sediments outside in 
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both bays (17.4 ± 3.0, 37.1 ± 8.7) were towards the higher end of the global range (0 – 48.2 Mg Corg ha-
1) (Fourqurean, 2012).  High carbon stocks in the living biomass and sediment in Mangles Bay could 
be a result of how it acts as a natural sink for sediments, organic matter and pollutants carried in the 
waters in Cockburn Sound. Water circulation and flushing of Mangles Bay is reduced adjacent to the 
Garden Island causeway, and these particles accumulate in the bay. Seagrass meadows enhance this 
effect as the seagrass leaves create friction and drag as water passes over, slowing the water further 
which cause these materials to ‘drop’ out of the water (Fonseca and Fisher, 1986). The wealth of 
dissolved carbon and light availability may have boosted photosynthesis and carbon uptake.  
The world’s most significant seagrass sink of Corg that is known to date is among the oldest clonal P. 
oceanica meadows (Arnaud-Haond et al., 2012) in the Mediterranean (Fourqurean et al., 2012). The 
above- and belowground living biomass combined has a mean of 7.29±1.52 Mg C ha-1 (Fourqurean et 
al., 2012). Combined living biomass in this study appeared to show higher means (Table 7). However 
this study possibly had a smaller sample size and again combined with epiphytes left on the leaves, the 
results are likely to be slightly overestimated. Organic carbon in the total aboveground biomass for 
Mangles Bay could be as low as 4.83 Mg Corg ha-1, thus placing it back into the high end of the global 
range.  Regardless of the quantity, there is clear evidence in this study that seagrass carbon is stored in 
the associated sediments below the meadow.  
The marine heatwave that swept through Shark Bay was estimated to have lost up 20% of carbon or up 
to 9 Tg of CO2 in the first metre of sediment in the three years following the damage that occurred to 
36% of the seagrass meadow in that region (Arias-Ortiz et al., 2018). Events like these alert us to how 
rapidly seagrass meadows can be deteriorated, and disturb their carbon stocks, in contrast to how slowly 
they accrete the carbon in the first place. It is important for us to maintain ecosystems that sequester 
carbon, such as seagrasses, as they are vulnerable to human activities directly on the land, and indirectly 
around the globe.  
Total carbon stock (per hectare) that was estimated to 1m in Mangles Bay, is above the global average 
seagrass carbon stock of 108 Mg C ha-1 (Howard et al., 2014). In contrast, the carbon stocks in 
Shoalwater Bay remain slightly below the global average (Howard et al., 2014). This suggests that the 
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seagrass meadows of Mangles Bay and Shoalwater Bay are worth protecting within a global context as 
they represent a significant opportunity to contribute to carbon storage. The global range from the 
seagrass stocks we currently know about is 10-829 Mg C ha-1 (Howard et al., 2014). This range is 
broader than found in tidal salt marshes (16-623 C Mg ha-1) and narrower than mangrove swamp forests 
(55-1376 C Mg ha-1) (Howard et al., 2014), making seagrass meadows an equally important coastal 
ecosystem for their carbon storage services.  
The organic carbon content of seagrass meadow soils ranges widely across the globe (Fourqurean et al., 
2012). When estimates are derived from complete 1 m deep sediment cores, Corg content ranges from 
115.3 to 829.2 Mg Corg ha-1, with a mean of 329.5 Mg Corg (Fourqurean et al., 2012). However not all 
soil carbon measurements have been taken from 1m deep cores, but 20cm as well (such as in this study). 
When these shallower cores are extrapolated to 1m, the range and median reduce to 9.1 – 628.1 Mg Corg 
ha-1 and a median of 47.2 Mg Corg ha-1 (Fourqurean et al., 2012). Fourqurean et al. (2012) estimate the 
central tendency of the top metre of all seagrass soils worldwide, contains 165.6 Mg Corg ha-1, which is 
higher than the global average calculated by Howard et al. (2014) two years later. Differences may be 
attributed to global losses.  
Using the full 1m data carbon stock in seagrass meadow sediments exceed boreal, temperate and 
tropical forests per Mg C per hectare. Each forest type averaged between approximately 150-210 Mg C 
ha (Fourqurean et al., 2012). While some terrestrial forests have extreme values, coastal sediments are 
more stable and allow accretion beyond 1me in depth, and thus have the capacity to store significantly 
more carbon. Higher carbon stored in Mangles Bay infers a higher value to the seagrass meadow, as a 
significant loss would potentially see the release of a more considerable amount of carbon.  
The sediment carbon revealed in this study is in some ways analogous to managed forest plantations in 
the United Kingdom (UK) of various tree species. Averaging the multiple plantations saw a range of 
carbon stored in the soils by the trees at 20-40 Mg C ha-1 (Denwar and Cannell, 1992), at a slightly 
higher range than in the seagrass carbon stocks detected in this study. Carbon stored in the tree biomass 
and leaf litter were understandably up to 13 times greater than in seagrass biomass and detritus due to 
the sheer size difference of the trees alone. Storage in the living biomass is not long term in geological 
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timescales, like it is in the sediment carbon in the aboveground biomass that is released after the biomass 
is shed or dies and may be released into the atmosphere.     
The significance of any particular vegetated carbon sink can be determined by calculating how much 
carbon could be released given the loss of the overhead vegetation. It is in humanity’s best interests to 
maintain as many carbon sinks as viably possible. Interestingly, mooring scars as observed in Mangles 
Bay, are an isolated site of carbon loss. Serrano et al. (2014) recorded losses of carbon at nearly an 
average of 80% within mooring scars compared to its associated seagrass meadow. Losses of carbon 
are thought to occur in these moorings due to sediment erosion from the loss of seagrass canopy 
(Serrano et al., 2014).  
4.2.4 Carbon by depth 
Sedimentary carbon showed a distinct trend of low carbon in the shallowest 0.5 m depth, a peak amount 
of carbon at the 2.5 m depth, and a reduction of carbon again in the following deeper depths. This trend 
was prevalent in both bays. This finding strongly suggests optimum conditions for plant productivity, 
growth and thus carbon storage. This depth, coincides with the highest possible irradiance without the 
tide exposing the meadow to the air and it being scorched by the sun, as occurs in the shallowest edge 
of the meadow. Carbon stored in deeper sediments also decline following the decline in irradiance. It 
has been recently suggested that irradiance is the critical environmental factor affecting not only plant 
productivity and meadow density, but sediment accretion rates and Corg storage potential of seagrasses 
too (Serrano et al., 2014).  
Previous studies have explored the depth limit of approximately 10m possible by P. australis (Duarte, 
1991). By extrapolating the declining carbon trend found in this study, it can be assumed that the 
proportion of carbon will continue to decline as depth increases.  
Light available for growth after attenuation is the primary factor towards the depth limit of seagrass 
colonisation (Duarte, 1991). Maximum depth colonisation appears linear to the light attenuation 
coefficient. Where sediments are suitable, the maximum depth seagrasses colonise to be an average of 
10.8% of the available irradiance at the water surface (Duarte, 1991). Adaption to high light is why a 
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reduction in water quality can see the retreat of seagrass meadows from original their depth limits to 
shallower waters.  
Rhizomes are depth limited too, due to respiration demands (Duarte, 1991). Seagrass species with larger 
rhizomes such as Posidonia spp. Require higher respiratory rates that cannot be supported in depths 
beyond 20m, except P. coriacea and P. oceanica (30+ m) (Duarte, 1991). 
4.3 Limitations 
This study was limited to one species, Posidonia australis, which was part of a mixed meadow in the 
bays studied and thus its contribution of Corg stored was only a portion of total Corg sequestered in each 
bay. The study can be repeated for other common species such as P. sinuosa (dominant in Cockburn 
Sound) and Amphibolis antarctica (Warnbro Sound) for comparison and to determine this species’ 
contribution to Corg storage.  
The sample sizes were too small as clearly demonstrated by frequently high standard errors. Despite 
covering samples broadly across both bays, higher sampling density needed to be done to capture a 
higher resolution of the bay, whether that be more transects or transects with closer sampling intervals. 
More data points would significantly reduce the standard error.  In Shoalwater Bay, it was not possible 
to sample the entirety of the bay because it is composed of multiple seagrass species, each of which has 
their own monospecific ‘patch’. All of these patches collectively make up the larger mixed meadow. 
To sample from the entire area of the meadow would mean to collect a variety of seagrass species, 
which was beyond the scope of this study.  
Higher than global Corg values in Mangles Bay in the aboveground biomass could be due to not 
removing epiphytes off of the leaves before drying. Epiphyte loads in the bay were high and could have 
contributed to the recorded weights of the aboveground biomass. Thus an overestimate of carbon in the 
aboveground biomass may have occurred. The methods were the same for Shoalwater Bay, although 




Due to a limited budget, we could not afford to hire the boat and equipment for any longer than 
conducted. Our time sampling in the field to collect was limited to 4 days per designated season and 
that time would have doubled if only one season was sampled. While fewer sites were selected across 
both bays between the winter pilot study and summer due to time and depth constraints, we took 
measurements of meadow dynamics at more sites than originally planned to compensate.  
In Shoalwater Bay, the southern end near Penguin Island was no deeper than 3m in depth, so we had 
lost two site locations because the waters were too shallow. Samples could only be collected from the 
0.5m and 2.5m depths. Sites further to the north in the adjacent bay could have been sampled to 
compensate, or a whole new bay altogether. The number of sites sampled in Mangles Bay were also 
reduced to save time. As a result, fewer sites sampled meant the means calculated had high standard 
errors (between 1 and 8), indicating that more samples were required for more accurate estimates.  
4.4 Validation of the hypothesis 
This study determined the meadow dynamics of Posidonia australis and quantified the organic carbon 
for this species in both Mangles and Shoalwater bays. The certainty of the estimates could be improved 
if more time and money could have been dedicated to the summer season to double the sampling effort.  
The objective of quantifying organic carbon in each bay revealed that Mangles Bay, nominated as 
degraded by human activities, had more carbon per hectare than Shoalwater Bay recognised as relatively 
pristine. Based upon this evidence we can reject the hypothesis. It is likely that the low water circulation 
with the ocean in Mangles Bay has caused a carbon accumulation effect. 
 Conclusions  
The difference in bay condition between Mangles Bay and Shoalwater Bay appears to have little impact 
on the current Posidonia australis meadow carbon stocks. The areas of meadow had significantly more 
carbon than in their adjacent bare sand areas. For Shoalwater this was due to recent meadow presence, 
while carbon in the bare sediment in Mangles Bay was inconclusive.  
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Living biomass contained higher percentage organic carbon relative to their dry weight, while the 
sediment both in the meadow and bare contained the highest carbon per hectare. Detritus volume (Mg 
C per ha) and %Corg were both significantly higher in Shoalwater Bay than Mangles Bay. In-meadow 
sedimentary carbon was substantially higher in Mangles Bay than Shoalwater Bay. Sedimentary organic 
carbon (Fig. 8) at the 2.5m depth in both bays contained the most percentage organic carbon than any 
other depths sampled, where shallower and deeper sediments contained less. 
Further research is needed to determine the carbon storage contribution by the other species in these 
bays, such as Posidonia sinuosa and Amphibolis antarctica, as well as further exploration of seagrass 
meadow carbon store in other bays. Determining carbon storage on a species level and in more bays 
will assist in filling in current data gaps within the global data set, and contribute to improving the 
global estimated averages for species. More studies also need to focus on using 1 m depth sediment 
cores, to obtain better estimates of carbon stored in the top metre of the sediment, as there is a significant 
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6. Appendix A. 
Figure I. Mean percentage carbon in the winter pilot study from both bays. 
Winter Aboveground Belowground Detritus Sediment (In-meadow) 
Mangles Bay 62% 77% 51% 3% 
Shoalwater Bay 65% 80% 50% 2% 
  
Figure II. Mean percent organic carbon with standard error from both winter and summer seasons in 
the A) aboveground and belowground living biomass, and detritus B) sediment and control 
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Figure III. Percent organic carbon by depth in the winter pilot study between Mangles Bay and 
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